The dispersal distance of the larvae of the sugarcane click beetle Melanotus okinawensis Ôhira (Coleoptera: Elateridae) in soil was estimated using the mark-recapture method. Grid lines with 30-cm intervals were set 10ϫ10 in a fallow field after sugarcane harvest. Sixty marked larvae were released twice at the center of the grid. The tip of the corneous process on the last abdominal segment was cut and used for marking. Germinating rice seed baits were placed at the 10ϫ10 intersection points of grid lines at a depth of 10 cm in order to recapture larvae. All traps were examined at two-day intervals. The estimate of lifetime natural mean dispersal distance (ϮSE) was 105.6 (Ϯ20.1) cm. The estimate of the natural survival rate per day was 0.861. The diffusion coefficient was estimated to be 613.
INTRODUCTION
Information on dispersal ability and mortality is essential for the control of insect pests. Many experiments have been conducted to estimate the dispersal ability of adult insects using mark-recapture methods; for example, dispersal ability was estimated for adults of Melanotus species using sex attractant pheromones Yamamura et al., 2003; Arakaki et al., 2008a,b) . Sex attractant pheromones are generally very useful for the study of dispersal ability in adult populations. In contrast, estimation of the dispersal ability in larval populations has been limited for most insects, partly due to the absence of such effective attractants for larvae. Crops are most seriously injured by larvae of insect pests in most cases, so information on larval dispersal ability can be critical for control efforts.
Wireworms, the larvae of click beetles (Coleoptera: Elateridae), are widespread pests, but control is generally difficult because they live in soil. They attack many important crops, including potato (Parker and Howard, 2001) , sweet potato (Seal et al., 1992) , wheat (Toba and Turner, 1983) , and corn (Kohno and Miyai, 1993) . The sugarcane click beetle, Melanotus okinawensis Ôhira, is one of the most destructive insect pests in Okinawa and Kagoshima Prefectures, Japan (Ôhira, 1988; Setokuchi et al., 1990) . Larvae of this species injure underground buds of sugarcane and cause germination failure, dead-hearts and ratooning failure (Hokyo, 1980; Nagamine and Kinjo, 1981) .
Several authors have reported the effectiveness of food bait for sampling wireworms in soil. Among vegetables and cereal bait, products made from germinating cereal seeds, such as wheat, corn, grain sorghum and oatmeal, were the most effective attractants in North America, Canada and Europe (e.g. Apablaza et al., 1977; Doane, 1981; Parker, 1994) . Arakaki et al. (2009) showed that germinating rice seed is the most effective bait for the collection of M. okinawensis in sugarcane fields in Okinawa. In this paper, we estimated the dispersal ability and mortality of M. okinawensis larvae using our own developed seed bait. These estimates will be useful to develop tactics to prevent the local spread of damage caused by larval dispersal.
MATERIALS AND METHODS
Experiment field. All tests were conducted in a fallow field after the sugarcane harvest in Yomitan, in the central part of Okinawa, Japan, from 29 June to 11 July 2008. Ratoon stands were extremely poor in this field in April 2008, probably due to wireworm attack. Wireworm density was considered to be very high in this field. The field was disked in mid-May 2008 for summer planting.
Preparation of insects. About 130 M. okinawensis larvae were collected two days before the experiments using germinating rice seed traps from other field populations in Yomitan. Individual plastic cups (11.5 cm dia.ϫ5.5 cm ht.) that contained moistened vermiculite with pieces of sweet potato were used to maintain populations of 30 larvae each. Larval stages ranged from mid-to late instar. The mean body length of these larvae was 25.8Ϯ0.3 mm (meanϮSE, n=120, range 19-31 mm).
Marking. Marking is generally difficult for soilinhabiting larvae. The color paint that is frequently used to mark adult insects is mostly lost from contact with soil during burrowing; therefore, we used a physical mark. The last ninth abdominal segment of larvae of the genus Melanotus has two pairs of conical processes on the lateral side (lateral teeth and anterior teeth), and a longer conical process (medial tooth) on the abdominal tip (Fig. 1 ). This is a key morphology that differentiates the genus Melanotus from other genera (Ôhira, 1962, 1988) . One day before the experiment, we cut one side of the tip of the lateral tooth on the last ninth abdominal segment with a cordless hand router (Takagi Co., Ltd., Niigata; Fig. 1 ). Marked wireworms usually moved into the soil immediately after release. No harmful effects of marking were observed on the larvae.
Release methods. Grid lines (10ϫ10, 30-cm intervals) were constructed with kite strings and bamboo skewers. On both 29 June and 1 July 2008, 60 marked larvae were released at the center of the grid. The wireworms released on the two days were differentially marked with cuts on different sides of the lateral teeth (right or left). To avoid disturbance during release, two plastic cups with vermiculite containing marked larvae were quietly placed at the center of the grid.
Recapture method. One hundred traps were set at the 10ϫ10 intersection points of grid lines. The traps were prepared by the procedure reported by Arakaki et al. (2009) . Germinating rice seeds were placed in a mesh filter bag (rayon 35% and polyester 65%; 26ϫ13.5ϫ10 cm; Dusutoman᭺, Kureha Co. Ltd., Tokyo). The mesh size was about 2 mm, large enough for wireworms to enter freely. The bag was closed with hemp cord (60 cm). Adhesive red plastic tape was attached to the upper end of the cord to mark the trap location. The traps were placed at the bottom of holes at a depth of 10 cm and of 15 cm diameter. The holes were then covered with soil. Pieces of hemp cord with plastic tape tags were left visible on the ground to indicate trap locations. To maintain soil moisture for rice seedlings, four reed screens were used to cover the soil across the entire grid. Water was poured onto the screen daily.
All bait traps were examined at two-day intervals until 12 days after the first release. The soil over the traps was removed and the traps were then removed by pulling the cord binding the bags. The traps were individually placed in transparent polyethylene bags (30ϫ40 cm), brought back to the laboratory, and examined for wireworm quantities. The soil surrounding the traps was also examined on a white plastic tray (30ϫ21ϫ5 cm). Wireworms found in this portion of soil were also recorded. Some soil attaches to the lower side of traps when the bait bags are removed from the soil, due to the root extensions of seeds from the bags. This soil 298 N. ARAKAKI et al. was also examined and wireworms were found here too. Thus, the total number of wireworms per trap consisted of the number of wireworms found 1) within the bags, 2) in the soil masses attached to the bags, and 3) in the soil immediately surrounding the traps upon removal. One hundred new bait traps were placed in the holes after the removal of old traps. To prevent the artificial disturbance of soil by the sampling procedure, a board (30ϫ180ϫ 1.5 cm) was placed on the soil surface along the sampling grid. All sampling was conducted on this board.
Estimation of natural dispersal distance. For simplicity of expression, we have used the words 'dead' and 'mortality' to refer to the number of individuals and the proportion of individuals that terminated their movement, respectively. Hence, the 'dead' individuals consist of two types: individuals that are truly dead and individuals that have settled. Dispersal distance can be underestimated when traps are used for recording as they shorten the mean dispersal distance by intercepting organisms that would have dispersed further. Yamamura et al. (2003) proposed a procedure to solve this problem by placing traps uniformly in a lattice pattern, and by assuming random movement and constant 'mortality' for organisms. Let us assume that the traveling individuals become 'dead' at a position at a rate l, which is independent of time, space, and the density of individuals. If traps are placed uniformly in a lattice pattern, the instantaneous 'mortality' caused by traps is nearly constant, and hence we can assume that traveling individuals are removed by traps at an approximate constant rate d. Let D be the diffusion coefficient of the random movement. We define l D and d D by l/D and d/D, respectively. We refer to l D and d D as natural 'mortality' and artificial 'mortality' scaled by the diffusion coefficient, respectively. Then, the expected cumulative number of individuals captured by the ith trap placed at a distance r i is approximately given by (1) where N 0 is the number of released insects and d is the density of traps per cm 2 . K 0 ( · ) is a modified Bessel function of the second kind of order zero. We can obtain maximum likelihood estimates of l D and d D by using a multiplicative Poisson distribution as an approximation of multinomial distribution for the number of individuals captured by traps (Seber, 1982) .
Estimation of natural 'mortality'. Arakaki et al. (2008a,b) indicated a procedure to estimate the natural 'mortality' that is available when artificial 'mortality' caused by the trap is very high. Let N be the number of released insects that are neither dead nor settled in the field, and S be the cumulative number of released insects that are captured by traps. Then we have
yS/ytϭdN
The solution is given by
The number of captured insects follows a multinomial distribution calculated from Eq. (5). For example, the probability that a released individual is captured between two and four days after release is given by the difference of S/N 0 between tϭ4 and tϭ2. Then, we can estimate parameters l and d by using a multiplicative Poisson distribution as an approximation of the multinomial distribution. We used statistical software, JMP, to perform the nonlinear maximum likelihood estimation (SAS Institute, 2008). The proportion of artificial 'mortality' caused by traps is estimated either by dˆD/(l D ϩdˆD) or dˆ/(lϩ dˆ). Equation (5) indicates that if we examine trap catches for sufficiently long durations after the release of marked individuals, an estimate of the proportion of artificial 'mortality' is given by the quantity S c /N 0 , where S c is the observed cumulative (1), using the relation between the distance and the number of recaptured individuals (i.e., temporally integrated information). We can estimate l and d from Eq. (5), using the relation between the time and the number of recaptured individuals (i.e., spatially integrated information). Then, by combining the spatial information with temporal information, we can estimate the diffusion coefficient D by using the estimates of these four parameters.
(6)
RESULTS

Estimation of natural dispersal distance
The maximum likelihood estimates (ϮSE) of the natural 'mortality' and artificial 'mortality' scaled by diffusion coefficient were l D ϭ22.1ϫ10
Ϫ5 ), respectively. The estimate of the natural mean dispersal distance (ϮSE) was p/(2ø -l D )ϭ105.6 (Ϯ20.1) cm. Equation (1) is based on the assumption that artificial 'mortality' from traps is spatially uniform, which implies that an infinite number of traps are placed uniformly in an infinite space for an infinitely long period after release. Hence, some bias arises in estimates if traps are not placed over a sufficiently large space for a sufficiently long period after release. Figure 2 indicates that the number of recaptured individuals is fairly small around the edge of the experimental space; only two individuals were recaptured at the grid edges. Figure 3 indicates that the number of recaptured individuals is fairly small at the end of the experiment; no individual was recaptured at 12 days after the first release. Hence, we can judge that the estimate of natural dispersal distance is satisfactory.
Estimation of natural 'mortality'
The maximum likelihood estimates (ϮSE) of natural 'mortality' and artificial 'mortality' were lϭ0.149(Ϯ0.048) and dˆϭ0.371(Ϯ0.061), respectively. Thus, the proportion of individuals that do not become 'dead' per day is exp(Ϫl)ϭexp (Ϫ0.149)ϭ0.861. The estimated proportions of artificial 'mortality' caused by traps were dˆD/(l D ϩ dˆD)ϭ0.739 and dˆ/(lϩdˆ)ϭ0.713. These estimates coincided well. The cumulative number of recaptured wireworms was S c ϭ83 out of a total release number N 0 ϭ120. Thus, the proportion of recovery was S c /N 0 ϭ83/120ϭ0.692. This is another simpler estimate of d/(lϩd); this estimate also coincided to two other estimates sufficiently well.
Estimation of diffusion coefficient
The estimate was Dϭ(lϩdˆ)/(l D ϩdˆD)ϭ613. Quantities dˆD/(l D ϩdˆD) and dˆ/(lϩdˆ) coincided sufficiently well, as noted previously, consistent with the prediction of the model. Hence, the estimate of the diffusion coefficient seems reliable.ˆD 
DISCUSSION
To estimate population parameters, such as natural 'mortality' (defined by the proportion of dead or settled individuals) and abundance with sufficient precision, we must observe sufficient numbers of insects in the field. Some attractant traps are useful for this purpose, because they automatically record insects without consuming observation time. We showed that the bait traps developed by Arakaki et al. (2009) are useful for estimating the dispersal distance and natural 'mortality' of wireworms. The attractiveness mechanisms of bait traps for wireworms have been studied by several authors. Doane et al. (1975) showed in laboratory experiments the movements of several wireworm species along CO 2 gradients from distances up to 20 cm. They indicated that wireworms search for their food orienting to a plant kairomone that is effective at 20 cm rather than random wandering. Clusters of sensilla on the maxillary and labial palps may be possible detectors of CO 2 (Doane and Klingler, 1978) . Arakaki et al (2009) showed that germinating rice seed bait soaked in water attracts significantly larger numbers of M. okinawensis larvae than bait without soaking. The CO 2 emitted from respiring rice seed is the critical component of attractiveness.
The efficiency of bait traps for gathering larvae seems to be much different from that of pheromone traps for gathering adults. Kishita et al. (2003) estimated the dispersal distance of adult M. okinawensis by a point release experiment with sex pheromone traps. The number of adult males recaptured by 250 traps was 79 of 800 males released. Kishita et al. (2003) examined 250 of 725 traps that were placed for mass-trapping. Hence, the proportion of males recaptured by pheromone traps was estimated to be (79/800)ϫ(725/250)ϭ28.6%. In contrast, the proportion of recaptured larvae was 69.2% in the current experiment. Thus, the efficiency of pheromone traps was quite smaller than that of bait traps, although the density of pheromone traps in their experiment was markedly higher than other similar experiments. It is not entirely appropriate to compare the proportions of recaptured larvae and adults; however, the difference may be related to the characteristics of attractants. Pheromone traps have two effects on field populations: disruption of the ability to locate pheromones, and direct mortality by trapping. The latter effect occurs only when the insects can precisely locate the traps, but the ability to do this may be disrupted by the traps themselves if trap density is high (Arakaki et al., 2008b) . Hence, the proportion of insects recaptured by pheromone traps may be limited, even if the density of traps is very high.
A highly efficient attractant is useful, as stated above, but it causes fundamental problems in estimating population parameters. The observed dispersal distance becomes shorter when we use an effective attractant, because the attractant shortens the dispersal distance by intercepting individuals that should have dispersed for longer distances. The observed 'mortality' becomes higher because the traps kill individuals that should have lived for longer periods. In estimating the natural dispersal distance and 'mortality', we separated the influence of trap removal using the models proposed by Yamamura et al. (2003) and Arakaki et al. (2008a,b) ; however, the models are based on somewhat restrictive assumptions. In estimating the natural dispersal distance, we assume that the movement of insects can be described by random diffusion as an approximation. In estimating natural 'mortality', we assume that instantaneous 'mortality' is constant over the experimental period. Overall, these assumptions seem valid in our current experiment, but this may not always be the case. In future studies, we should develop more flexible procedures to estimate natural population parameters by considering spatial and temporal heterogeneity in dispersal and 'mortality'.
